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Review

• Introduction to electromagnetic and weak 
interactions

• Motivation for Electroweak Unification
• Introduced nomenclature for electroweak studies
• Described electron-positron collisions and 

implications of the data
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Helicity Conservation
Extreme Relativistic Limit (ERL): E >> mc2 E = pc γ >> 1

Massless limit Helicity = chirality

PL ≡
(1− γ 5)

2
PR ≡

(1+ γ 5)
2

Pi
i

∑ = I PL,R u ≡ uL ,RPiPj = δijPj

u LγµuR = u RγµuL = 0ButJµ
EM = qu γµu = q(u L + u R )γµ (uL + uR )

What are the implications? Jµ
EM = qu RγµuR + qu LγµuL

*
For particle-antiparticle collisions

e-
L + e+

R or e-
R + e+

L



Angular Distribution

e-

µ+

µ-

θ

Start with spin 1 (forward or backward) 
along axis of collision: what is the 
probability of getting +1 or -1 along θ?

dλ ′ λ 
j (θ) ≡ j ′ λ e− iθJy jλdσ

dΩ
=

α 2

4s
(1+ cos2 θ)

d11
1 (θ) = d−1−1

1 (θ) =
1
2

(1+ cosθ) d1−1
1 (θ) = d−11

1 (θ) =
1
2

(1− cosθ)

e+

June 2, 2005 Electroweak Physics: Lecture II

(dλ ′ λ 
j (θ))2∑ =1+ cos2 θ
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Z Decays
Jµ

Z ~ gR u R (e)γµuR (e) + gLu LγµuLe+e− → Z 0 → l+l−,qq 
gLe+ e- gRe+ e-

Even if electrons and positrons are unpolarized, the Z’s are 
produced polarized

PZ =
N+ − N−

N+ + N−

=
gR

2 − gL
2

gR
2 + gL

2

µ+

µ-

θ

A++: probability of J = +1 Z boson producing 
a J = +1 final state A++ =

gR
e gR

µ

2
(1+ cosθ)

σ ∝ Aij
2∑ = (gR

e )2 + (gL
e )2[ ] (gR

µ )2 + (gL
µ )2[ ](1+ cos2 θ) +

(gR
e )2 − (gL

e )2[ ] (gR
µ )2 − (gL

µ )2[ ]2cosθ

σ ∝ (1+ cos2 θ) + 2PePµ cosθ Pe =
(gR

e )2 − (gL
e )2

(gR
e )2 + (gL

e )2 Pµ =
(gR

µ )2 − (gL
µ )2

(gR
µ )2 + (gL

µ )2
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Forward Backward Asymmetry

AFB =
σ(cosθ > 0) −σ(cosθ < 0)
σ(cosθ > 0) + σ(cosθ < 0)

=
3
4

PePf

Pf =
2gVf gAf

gVf
2 + gAf

2 ≈ 2
gVf

gAf

≈1− 4 sin2 θW
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Left-Right Asymmetry
AFB is the product of 2 small numbers.

Can they be disentagled?

Polarize the electron beam and measure Z production

Fraction of beam polarized along 
or against the momentumPb =

N+ − N−

N+ + N−

ALR =
NZ − − NZ +

NZ − + NZ +

=
(1− Pb )gL

2 − (1+ Pb )gR
2

(1− Pb )gL
2 + (1+ Pb )gR

2 = PbPe

All final states can be used!

This was the motivation for the SLAC Linear Collider:

Could compete with a factor of 10 to 100 less luminosity
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Tau Polarization
Instead of polarizing the initial state, 

Analyze the final state: need a polarization filter

τ+

τ -

θ

For tau leptons, use the weak decay!

Γτ =
GF

2 mτ
5

192π Travels a few mm

Lifetime ~ few ps

π-

τ -
θ

ντ

Tau rest frame

Z rest frame

V-A interaction reveals tau polarization

Pion lab energy distribution is related trivially to 
the rest frame angular distribution
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Perturbation Theory
From Feynman rules: Construct all possible diagrams

Consistent with standard conservation laws

Amplitude is sum of all possible 
states: Feynman’s path integral 
formulation of QM

Problem: Total amplitude diverges

•Feynman rules with electric charge
•Calculate σ1(e) for a test process
•Measure σ1(e) and extract e
•Calculate σ2(e) for another process
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Charge Renormalization
M1 ~ e2

q2 AddStart with 

Σγγ (q2) (It is infinite)Introduce parameter

M1 ~ i e2

q2 + i e2

q2

iΣγγ (q2)
q2 e2 e2(1− Πγγ (q2))

Σγγ ( p2)Introduce parameter (Also infinite)

M2 ~ e2

p2 (1− Πγγ (p2))

M2 ~ e2

p2 (1− [Πγγ (p2) − Πγγ (q2)]) Finite!
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Running Couplings
Fine structure constant: 1/137 at low energy, 1/128 at Z pole

Not all Quantum Field Theories behave this way:
The ones that do are renormalizable theories

Electroweak theory: t’Hooft and Veltman
QCD: Gross, Politzer and Wilzcek
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Calculation of Running
             e-                                   f

           e+                                f

The shift The shift ∆α∆α can be determined can be determined analytically for analytically for 
lepton loopslepton loops and by and by a dispersion integrala dispersion integral over the over the 
e+ee+e-- annihilation cross section annihilation cross section for light quarksfor light quarks
(u,d,s,c,b)(u,d,s,c,b)
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Electroweak Input Parameters
For electroweak interactions, there are three parameters needed:

1. Scale of electromagnetism (electric charge)
2. Scale of the weak interaction (Vector boson mass)
3. Weak mixing angle

Parameters are chosen from experimental measurements:

1. Low energy Thomson Scattering
2. The muon lifetime
3. The mass of the Z boson

Z mass know to 23 parts per million!
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LEP at CERN
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The Z Mass
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Indirect Evidence for the Top
Measure any asymmetry on the Z pole: function of weak mixing angle 

The answer differs from what you would get at tree level

W

W Z
t b

Z
t t

Z productionMuon decay

ΠWW − ΠZZ ∝ mt
2 − mb

2
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Fermilab

CDF D0
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Summary

• The electroweak theory has been tested to 
extraordinary precision

• Typical scale is 0.1%
• No significant deviations, but some tantalizing 

hints
• The Higgs boson is expected to be light
• Should we pack up and go home? Some 

answers in Lecture III
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